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Fossil magnetic field of accretion disks of young stars
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Abstract
We elaborate the model of accretion disks of young
stars with the fossil large-scale magnetic field in the
frame of Shakura and Sunyaev approximation. Equa-
tions of the MHD model include Shakura and Sunyaev
equations, induction equation and equations of ioniza-
tion balance. Magnetic field is determined taking into
account ohmic diffusion, magnetic ambipolar diffusion
and buoyancy. Ionization fraction is calculated consid-
ering ionization by cosmic rays and X-rays, thermal ion-
ization, radiative recombinations and recombinations
on the dust grains.
Analytical solution and numerical investigations
show that the magnetic field is coupled to the gas in
the case of radiative recombinations. Magnetic field is
quasi-azimuthal close to accretion disk inner boundary
and quasi-radial in the outer regions.
Magnetic field is quasi-poloidal in the dusty “dead”
zones with low ionization degree, where ohmic diffusion
is efficient. Magnetic ambipolar diffusion reduces verti-
cal magnetic field in 10 times comparing to the frozen-
in field in this region. Magnetic field is quasi-azimuthal
close to the outer boundary of accretion disks for stan-
dard ionization rates and dust grain size ad = 0.1µm.
In the case of large dust grains (ad > 0.1µm) or en-
hanced ionization rates, the magnetic field is quasi-
radial in the outer regions.
It is shown that the inner boundary of dusty “dead”
zone is placed at r = (0.1− 0.6) AU for accretion disks
of stars with M = (0.5 − 2)M⊙. Outer boundary of
“dead” zone is placed at r = (3 − 21) AU and it is
determined by magnetic ambipolar diffusion. Mass of
solid material in the “dead” zone is more than 3 M⊕
for stars with M ≥ 1M⊙.
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1 Introduction
Observations indicate that stars born at present time in
magnetized rotating cores of molecular clouds (Shu et al.
1987; Dudorov 1991, 1995; McKee and Ostriker 2007).
Centrifugal and electromagnetic forces lead to the for-
mation of a disk-like structure during the gravita-
tional collapse of the molecular cloud cores. Evolu-
tion of accretion disks depends on efficiency of angu-
lar momentum removal. Turbulence, magnetic brak-
ing and outflows are the most important mechanisms
of angular momentum transfer in accretion disks of
young stars. Turbulence in accretion disks comes
probably from magnetorotational instability (MRI,
Balbus and Hawley 1991). Magnetic braking mecha-
nism is based on the process of angular momentum
transfer by torsional Alfven waves (Alfven 1954). Cen-
trifugally driven winds arise when ordered magnetic
field lines are inclined more than 30 degrees from verti-
cal (Blandford and Payne 1982). Efficiency of angular
momentum transport depends on strength and geome-
try of the magnetic field.
Numerical simulations indicate that initial mag-
netic flux of molecular clouds cores is partially con-
served during the process of star formation (e.g.,
Dudorov and Sazonov 1987). Dudorov and Zhilkin
(2008) shown that the initially uniform magnetic field
acquires hour-glass geometry during protostellar cloud
collapse. Collapsing protostellar cloud with magnetic
field evolves into flat structure according to numerical
simulations of Dudorov et al. (2003). They shown that
the collapse of the clouds with strong magnetic field
switches to the magnetostatic contraction into oblate
2self-graviting structures. These numerical simulations
show that accretion disks of young stars should have
fossil magnetic field. In other words, the magnetic
flux of accretion disks is the relic of parent protostellar
clouds magnetic flux.
There are some observational confirmations of pre-
dictions of the fossil magnetic field theory (Dudorov
1995). Girart et al. (2006) found hour-glass shaped ge-
ometry of the magnetic field in the low-mass protostel-
lar system NGC 1333 IRAS 4A using the Submillimeter
Array polarimetry observations at 877 µm dust con-
tinuum emission. Chapman et al. (2013) found some
evidence of correlation between core magnetic field di-
rection and protostellar disk symmetry axis in several
low-mass protostellar cores using the SHARP polarime-
ter at Caltech Submillimeter Observatory at 350 µm
dust continuum emission. Donati et al. (2005) proba-
bly detected magnetic field with azimuthal component
of order of 1 kGs in the FU Orionis accretion disk. Ob-
servational data are scanty, so theoretical investigation
of magnetic field of accretion disks of young stars is the
important problem.
Dragging of the magnetic field in the accretion disks
has been investigated in several works. Lubow et al.
(1994), Agapitou and Papaloizou (1996) considered
bending of the initially vertical weak magnetic field in
infinitesimally thin viscous disk. They pointed out that
inclination of poloidal magnetic fields lines and wind
launching possibility depend on magnetic diffusion effi-
ciency which is characterized by the magnetic Prandtl
number P . Reyes-Ruiz and Stepinski (1996) showed
that in the case of rotating disk, in addition to radial
magnetic field component, strong toroidal component
of the magnetic field is also generated when magnetic
diffusion is feeble, P ≫ 1. Shalybkov and Ru¨diger
(2000) investigated steady-state structure of the ac-
cretion disk at the presence of dynamically important
magnetic field. They found that sufficient inclination
of the poloidal magnetic field lines to rotation axis is
achieved also in the case of intermediate magnetic dif-
fusion efficiency (P ≃ 1). Guilet and Ogilvie (2012)
pointed out that the accretion disk vertical structure
has great effect on the magnetic flux evolution. In the
limit of high conductivity, Okuzumi et al. (2013) ob-
tained analytical profile of the vertical component of
the magnetic field, B ∝ r−2, that follows from mag-
netic flux conservation and gives upper estimation of
the magnetic field strength in accretion disks, 0.1 Gs at
1 AU and ∼1 mGs at 10 AU.
Ohmic dissipation (OD), magnetic ambipolar dif-
fusion (MAD), turbulent diffusion and buoyancy are
the basic dissipation mechanisms limiting fossil mag-
netic field during protostellar cloud collapse and subse-
quent accretion (e.g., Dudorov and Sazonov 1987). Ef-
ficiency of OD and MAD depends on the ionization frac-
tion. Cosmic rays (Gammie 1996) and stellar X-rays
(Igea and Glassgold 1997) ionize effectively only sur-
face layers of accretion disks of young stars. Regions of
low ionization fraction (“dead” zones) arise near accre-
tion disk midplane under such circumstances. Magnetic
diffusion suppresses MRI in the “dead” zones. Turbu-
lence attenuation in the “dead” zones favours matter
accumulation, gravitational instability and planet for-
mation (e.g., Armitage 2010). There are three impor-
tant non-ideal magnetohydrodynamical (MHD) effects
operating in accretion disks: OD, MAD and Hall ef-
fect (e.g., Wardle 2007). Efficiency of MAD and Hall
effect depends on magnetic field strength. Geometry of
the magnetic field also plays crucial role in the produc-
ing of MRI-induced turbulence. Simon et al. (2013b)
showed that the vertical magnetic field enhances tur-
bulent stresses comparing to the case with the purely
toroidal magnetic field.
Global numerical investigations of magnetized ac-
cretion disks and “dead” zones were performed in the
ideal MHD limit (Fromang and Nelson 2006) and in re-
sistive limit (Dzyurkevich et al. 2010) with magnetic
field strength being free parameter. Bai and Stone
(2011), Simon et al. (2013a,b) performed calculations
with MAD in the frame of the local shearing-box ap-
proximation with fixed magnetic field strength and/or
geometry.
Numerical modelling of magnetized accretion disks
is still challenging problem, so semi-analytical mod-
els are widely used such as the minimum mass solar
nebula model (MMSN, e.g., Weidenschiling 1977) and
α-model of Shakura and Sunyaev (1973). Investiga-
tions of “dead” zones in accretion disks in most cases
use MMSN model (Sano et al. 2000; Bai and Goodman
2009; Mohanty et al. 2013) or α-model (Gammie 1996;
Fromang et al. 2002; Terquem 2008; Martin et al. 2012).
Large-scale magnetic field is ignored in these models.
Prescribed magnetic field is also used in the models of
magnetically driven winds (e.g., Ko¨nigle and Pudritz
2011). Recently, Bai and Stone (2013) and Bai (2013)
performed numerical simulations in frame of local
“shearing-box” approximation and showed that angular
momentum transport is driven by magnetocentrifugal
wind in the laminar “dead” zones, while MRI operates
outside these regions.
There are several papers concerning computation of
the magnetic field of accretion disks. De Kool et al.
(1999) constructed accretion disk model taking into
account MHD turbulence. In order to incorporate
magnetic field into the model, they used proportion-
ality of the magnetic stresses and the Reynolds stresses
3(Stone et al. 1996). Martin et al. (2012) used sim-
ilar approach in order to determine “dead” zones
boundaries. Vorobyov and Basu (2006) estimated ver-
tical magnetic field Bz in the accretion disk assum-
ing flux freezing and using the mass-to-flux ratio λ =
2piG1/2Σ/Bz (Nakano and Nakamura 1978), where Σ –
accretion disk surface density. Shu et al. (2007) made
analytical estimations of vertical component of mag-
netic field from the equation of centrifugal balance in
protoplanetary disk diluted by poloidal magnetic ten-
sion. They neglected azimuthal magnetic field compo-
nent.
We investigate the strength and geometry of the
fossil large-scale magnetic field of accretion disks of
young stars taking into account ohmic diffusion, mag-
netic ambipolar diffusion and buoyancy. The accretion
disk model is based on the approximations of α-model
(Shakura and Sunyaev 1973). We adopt kinematic ap-
proach and neglect magnetic field influence on the ac-
cretion disk structure. Ionization equations include
shock ionization by X-rays, cosmic rays and radionu-
clides, thermal ionization, radiative recombinations and
recombinations on the dust grains. Characteristics of
“dead” zones in accretion disks of young stars are in-
vestigated in the frame of the elaborated model.
The paper is organized as follows. In section 2, we
formulate basic equations of our model. In section 3,
we obtain and analyse analytical solution of the model
equations. Results of numerical calculations of the mag-
netized accretion disks structure are presented in the
section 4. In section 5, results of investigation of “dead”
zones characteristics are presented. We summarize and
discuss our results in section 6.
2 Accretion disk MHD model
2.1 Basic equations
In order to investigate the dynamics of accretion disks
with large-scale magnetic field, we consider equations
of magnetohydrodynamics (Landau et al. 1984) taking
into account ohmic and magnetic ambipolar diffusion
(Dudorov and Sazonov 1987)
∂ρ
∂t
+ div (ρV) = 0, (1)
ρ
∂V
∂t
+ (ρV∇)V = −∇P − ρ∇Φ
+divσˆ′
+
1
4pi
[rotB,B] , (2)
∂
∂t
(
ρ
(
ε+
V 2
2
+ Φ
)
+
B2
8pi
)
= −divF, (3)
∂B
∂t
= rot [(V+Vad) ,B]
−rot (νmrotB) , (4)
where ρ, V P , ε – density, velocity, pressure and in-
ternal energy density of the gas, σˆ′ – viscous stress ten-
sor, Φ – gravitational potential, B – magnetic induction
vector, Vad – ambipolar diffusion velocity, νm – ohmic
diffusion coefficient, F – energy flux density,
F = ρV
(
ε+
V 2
2
+ Φ
)
− (V σˆ′) + Frad
+
1
4pi
[B, [V,B]] +
c2
16pi2σ
[rotB,B] , (5)
Frad – radiation energy flux density. Coulomb conduc-
tivity σ of the partially ionized plasma (Pikelner 1961)
σ = 1.5× 1017xT−1/2 s−1, (6)
where T – gas temperature, x – ionization fraction.
Magnetic viscosity is
νm =
c2
4piσ
= 480 x−1T 1/2 cm2s−1. (7)
Magnetic ambipolar diffusion is the joint drift of
charged particles through neutral gas under the action
of electromagnetic force (MAD hereafter). Stationary
MAD velocity (e.g., Dudorov and Sazonov 1987)
Vad =
[rotB,B]
4pixρ2ηin
, (8)
where
ηin =
mi〈σV 〉in
mn(mi +mn)
, (9)
– ion-neutral interaction coefficient, neutral particle
mass mn = 2.3mH , mean ion mass mi = 30mH , mH
– hydrogen atom mass, ion-neutral collision coefficient
〈σV 〉in = 2.0× 10−9 cm3 s−1 (Osterbrock 1961).
2.2 Kinematic MHD model of accretion disk
In the kinematic approximation we neglect the electro-
magnetic force in the equation of motion comparing
to the gravity force. In cylindrical coordinates system
(r, ϕ, z), velocity components V = (Vr , Vϕ, Vz) and
magnetic induction components B = (Br, Bϕ, Bz).
Self-gravity of the disk is neglected. Gravitational po-
tential of the star with mass M
Φ = − GM√
r2 + z2
. (10)
4We assume that star has dipole magnetic field
B⋆ = Bs
(
Rs
r
)3
, (11)
where Bs is the the magnetic induction on stellar sur-
face, Rs – stellar radius.
Equations of continuity (1), motion (2) and energy
(3) in axisymmetric case (∂/∂ϕ = 0) are reduced to
∂ρ
∂t
+
1
r
∂
∂r
(rρVr) +
∂ρVz
∂z
= 0, (12)
ρ
(
∂Vr
∂t
+ (V∇) Vr −
V 2ϕ
r
)
= −∂P
∂r
− ρ∂Φ
∂r
, (13)
ρ
(
∂Vϕ
∂t
+ (V∇) Vϕ + VϕVr
r
)
=
1
r
∂
∂r
(
rσ
′
rϕ
)
+
σ
′
rϕ
r
, (14)
ρ
(
∂Vz
∂t
+ (V∇) Vz
)
= −∂P
∂z
− ρ∂Φ
∂z
, (15)
∂
∂t
(
ρ
(
ε+
V 2
2
+ Φ
))
= −1
r
∂
∂r
(rFr)
−∂F
rad
z
∂z
, (16)
where operator
(V∇) Vi = Vr ∂Vi
∂r
+ Vz
∂Vi
∂z
. (17)
Radial energy flux density
Fr = ρVr
(
ε+
V 2
2
+ Φ
)
+ σ
′
rϕVϕ. (18)
Toroidal stress tensor component
σ
′
rϕ = ηvr
∂Ω
∂r
, (19)
where ηv – dynamical viscosity coefficient, Ω = rVϕ –
angular velocity.
Induction equation (4) can be written in the follow-
ing way, after substituting (8) into it,
∂B
∂t
= rot [V,B]− rot (ηrotB) , (20)
where effective magnetic diffusion coefficient is intro-
duced
η = νm + ηad, (21)
and
ηad =
B2
4pixρ2ηin
(22)
– MAD coefficient.
Induction equation (20) in cylindrical coordinates
has the following components
∂Br
∂t
=
∂ (VrBz)
∂z
+ η
∂2Br
∂z2
+η
(
1
r
∂
∂r
r
∂Br
∂r
− Br
r2
)
, (23)
∂Bϕ
∂t
=
∂ (VrBϕ − VϕBr)
∂r
+
∂ (BzVϕ)
∂z
+ η
∂2Bϕ
∂z2
+η
(
1
r
∂
∂r
r
∂Bϕ
∂r
− Bϕ
r2
)
, (24)
∂Bz
∂t
= −1
r
∂ (rVrBz)
∂r
+ η
∂2Bz
∂z2
+η
(
1
r
∂
∂r
r
∂Bz
∂r
)
. (25)
2.2.1 Accretion disk structure
We consider geometrically thin (z ≪ r), optically thick
accretion disk in steady state (∂/∂t = 0). Velocity
components in the accretion disk satisfy the relations:
Vz ≪ Vr ≪ Vϕ. Convective terms in equations (13-15)
are negligible. Therefore and dimensional splitting of
these equations can be realized. We solve equations of
radial and vertical structure of accretion disk indepen-
dently.
Continuity equation (12) expresses conservation of
radial mass flux
rVrρ = const. (26)
In the stationary case, equation (13) reduces to balance
of centrifugal force and the radial component of the
gravity force implying that the disk rotates with the
angular velocity
Ω =
√
GM
r3
(
1 +
z2
r2
)−3/4
, (27)
where Ωk =
√
GM/r3 – Keplerian angular velocity.
Equation (15) transforms to the hydrostatic equilib-
rium equation that has the solution
ρ(r, z) = ρ(r, 0) exp
(
− z
2
2H2
)
, (28)
where H is the accretion disk scale height,
H =
Vs
Ωk
. (29)
We use equation of state P = ρV 2s in equations (28-29),
where Vs =
√
RgT/µ is the isothermal sound velocity,
Rg – universal gas constant.
5Specific angular momentum ρΩ2r transfer in the ac-
cretion disk is described by ϕ-component of the equa-
tion of motion (14) that reduces to
1
r
∂
∂r
(
rVrρΩ
2 − r2σ′rϕ
)
= 0. (30)
In frame of Shakura and Sunyaev model, molecular vis-
cosity coefficient in (19) is replaced by turbulent viscos-
ity that is defined as
ηt = αρVsH, (31)
where turbulence parameter α = Vt/Vs, Vt – turbulent
velocity.
Radial angular momentum transport by turbulent
stresses leads to corresponding energy redistribution.
Substituting radiation energy flux in diffusion approxi-
mation
F radz = −
4
3κρ
dσsbT
4
dz
(32)
into the energy equation (16) together with (18), we get
1
r
∂
∂r
(
rρVr
(
V 2ϕ
2
+ Φ
)
+Ωr2σ′rϕ
)
=
d
dz
(
4
3κρ
dσsbT
4
dz
)
. (33)
where κ is the opacity coefficient, σsb – Stephan-
Boltzmann constant.
Turbulent stresses must vanish at the accretion disk
inner boundary. We derive following equations from
(26, 30, 33) in this case
M˙ = −2pirVrΣ, (34)
M˙Ωf = 2piαV 2s Σ, (35)
4σsbT
4
3κΣ
=
3
8pi
M˙Ω2f, (36)
Equations (34-36) supplemented by (27) and (29) repre-
sent standard equations system of Shakura and Sunyaev
α-model. Equation (34) is derived from (26) with the
help of integration over accretion disk scale height H .
This equation determines relation between accretion
rate M˙ and surface density Σ = 2 〈ρ〉H , where 〈ρ〉 – z-
averaged density. Equation (35) is the angular momen-
tum conservation equation integrated over H , where
f ≡ 1 −
√
rin/r, rin – accretion disk inner boundary.
Energy equation (36) is valid in the optically thick ac-
cretion disk. Energy spectrum of the accretion disk is
characterized by effective temperature determined from
the equation
σsbT
4
eff =
3
8pi
M˙Ω2f, (37)
reflecting balance between rate of viscous heating per
unit of the accretion disk surface (right-hand side) and
black body radiation energy flux density (left-hand
side).
Note that equations (29, 34) and (35) imply that
Vr = α
(
H
r
)2
Vϕ, (38)
i.e. Vr ≪ Vϕ in geometrically thin disk, since α < 1,
H ≪ r.
We specify opacity coefficient
κ = κ0ρ
aT b, (39)
in order to close equations system (27, 29, 34-36) de-
scribing radial accretion disk structure. Parameters a,
b, κ0 are evaluated according to Semenov et al. (2003).
These constants are listed in the table 1. Dust grains
consisting of ices, organic material, iron and silicates
are the dominant opacity agents at the low tempera-
tures (T < 2000 K, rows 1-5 in the table 1). Adopted
dust composition is in qualitative agreement with com-
position of recovered fragments of the Chelyabinsk me-
teorite (Popova et al. 2013). Opacity coefficient does
not depend on density in this temperature range. Dust
is evaporated at 2000 K and molecular opacities become
dominant up to temperatures of molecules dissociation
T = 3000 K (row 7 in the table 1). Ionized gas opacities
dominate at higher temperatures (rows 8-9 in the table
1).
Accretion disks with M˙ lower than few 10−8M⊙/yr
are passive in terms of heating mechanism (e.g., see
Armitage 2010). Reprocessing of stellar radiation at
large distances from the star must be included in the
model. We adopt simple analytical profile of irradiation
temperature (Hayashi 1981)
Tirr = 280
(
L⋆
L⊙
)1/4 ( r
1AU
)−1/2
K, (40)
where L⋆ is luminosity of the star.
2.2.2 Ionization fraction
Magnetic diffusion efficiency depends on the ioniza-
tion fraction (see equations (6-8)). We adopt ioniza-
tion model from Dudorov and Sazonov (1987). Ioniza-
tion fraction at low temperatures is calculated from the
equation of ionization balance taking into account ra-
diative recombinations and recombinations on the dust
grains. We considered that ionization fraction at low
temperatures is determined mainly by hydrogen colli-
sional ionization,
(1− xs)ξ = αrx2sn+ αgxsn, (41)
6Table 1 Opacity κ = κ0ρ
aT b.
region number κ0 a b main opacity agent temperature range
1 2.0× 10−4 0 2 ice T < 150 K
2 1.4 × 1011 0 -5 ice evaporation
3 0.01 0 1.11 organics T ∈ [170, ∼ 400] K
4 3.16 × 10−16 0 -6 organics evaporation
5 3.0× 10−3 0 1 iron, silicates T ∈ [∼ 450, ∼ 1500] K
6 2.15 × 1034 1/3 -10 dust evaporation T ∈ [∼ 1500, ∼ 2000] K
7 0.002 0 0 molecules T ∈ [∼ 2000, ∼ 3000] K
8 10−36 1/3 10 H-scattering T ∈ [∼ 3000, ∼ 104] K
9 1.5 × 1020 1 −5/2 bound-free, free-free T > 104 K
where xs = ne/n – ionization fraction, n – gas num-
ber density, ξ – ionization rate. Equation (41) implies
that ionization fraction of all species is equal to hy-
drogen ionization fraction. Radiative recombinations
coefficient according to Spitzer (1978)
αr = 2.07× 10−11T−1/2Φ(T ), cm3s−1. (42)
Numerical factor Φ(T ) = 3.0 in temperature range
10K ≤ T ≤ 103K and Φ(T ) = 1.5 in temperature
range 103 K ≤ T ≤ 104 K. Coefficient of recombina-
tions on dust grains,
αg = Xg〈σgVig〉, (43)
where Xg = ng/nH – relative abundance of the dust
grains, σg – grain cross-section, Vig – ion-grains relative
velocity. We adopt dust-to-gas mass ratio Yg = 0.01
and fiducial dust grains size ad = 0.1µm. Piece-
wise linear approximation of the temperature depen-
dence of coefficient αg is used in order to take into ac-
count dust grains evaporation. Recombination coeffi-
cient αg = αg0 = 4.5 × 10−17 cm3s−1 at temperatures
less than ice evaporation temperature T = 150 K. It
linearly decreases with temperature down to the value
αgm = 3.0 × 10−18 cm3s−1 in range T ∈ [150, 400] K.
Then αg = αgm right up to T = 1500 K, and αg lin-
early decreases with temperature from αgm down to 0
in temperature range T ∈ [1500, 2000] K.
We do not take into account dissociative recombina-
tions. We focus on the calculation of the intensity and
geometry of the magnetic field in the limiting cases of
high and low ionization fraction. Recombinations on
dust grains determine minimal ionization fraction, and
radiative recombinations determine maximal ionization
fraction. Dissociative recombinations correspond to the
intermediate case, so this mechanism will not change
qualitative picture of our results.
Equation of ionization balance (41) has two asymp-
totics. In the radiative recombinations case, αg = 0,
xr =
√
ξ
αrn
∝ n−1/2, (44)
i.e. ionization fraction is inversely proportional to the
square root of number density. In the case of recombi-
nations on dust grains, αr = 0,
xd =
ξ
αgn
∝ n−1 (45)
ionization fraction is inversely proportional to the num-
ber density. Dependences (44) and (45) can be gener-
alized as
xs = x0
(
n
n0
)−q
, (46)
where q = 1/2 in the case of radiative recombinations
(xr), q = 1 in the case of recombinations on dust grains
(xd).
Temperatures around the inner boundary of the ac-
cretion disk may be high enough to enable thermal ion-
ization of metals and hydrogen. Thermal ionization
fraction xTj of the j-th element is calculated from Saha
equation
x
xTj
1− xTj
=
1
n
g+j
g0j
2 (2pimekT )
3/2
h3
exp
(
− χj
kT
)
, (47)
where
x = xs +
∑
j
νjx
T
j (48)
– total ionization fraction, g0j and g
+
j – statistical
weights of neutral and ionized atoms of type j, me –
electron mass, k – Boltzman constant, h – Planck con-
stant, νj =
(
n0j + n
+
j
)
/nH = 10
Lj−12 and χj– relative
abundance and ionization potential of j-th element, re-
spectively, Lj – corresponding abundance logarithm.
“Mean” metal with χMe = 5.76 eV and LMe = 5.97
is considered for simplicity. Ionization potential and
abundance logarithm of “mean” metal are calculated
as the weighted average of corresponding parameters
of Potassium, Sodium, Magnesium, Calcium and Alu-
minium (Dudorov and Sazonov 1987). In addition, we
7take into account thermal ionization of hydrogen and
helium. In the case of thermal ionization of Potas-
sium, we get the following analytical solution of the
Saha equation
xt = 1.8× 10−11
(
T
1000K
)3/4 ( νK
10−7
)0.5
×
( n
1013 cm−3
)−0.5 exp (−25000/T )
1.15× 10−11 . (49)
2.2.3 Magnetic field
Radial advection and diffusion ofBr and Bϕ are negligi-
ble in the geometrically thin disk. Condition divB = 0
gives that Bz does not depend on z in adopted approx-
imations. Then equations (23-25) are transformed in
the stationary case to
∂
∂z
(VrBz) = −η ∂
2Br
∂z2
, (50)
∂
∂z
(VϕBz) = −η ∂
2Bϕ
∂z2
, (51)
∂ (rVrBz)
∂r
= η
∂
∂r
(
r
∂Bz
∂r
.
)
(52)
Anisotropy of the magnetic ambipolar diffusion is de-
termined by the derivatives in the equations (50-52).
Equations (50-51) imply that Br and Bϕ are deter-
mined from balance between advection of Bz in r and
ϕ directions and diffusion of Br and Bϕ in z direction.
Magnetic ambipolar diffusion of Bz takes place in r di-
rection, as equation (52) shows. Fossil magnetic field
has equatorial symmetry so that Br(z = 0) = 0 and
Bϕ(z = 0) = 0. Then, solution of (50-51) in the thin
disk approximation can be written as
Br = −Vrz
η
Bz, (53)
Bϕ = −3
2
(z
r
)2 Vϕz
η
Bz . (54)
Expressions (53-54) evaluate radial and azimuthal com-
ponents of magnetic field at height z above the mid-
plane.
Equations (53-54) together with the equation (38)
imply that
Br
Bϕ
=
2
3
α. (55)
In previous works (Dudorov and Khaibrakhmanov
2013a,b) we have proposed that vertical magnetic field
component in accretion disk is frozen-in. Neglecting
diffusion of Bz in r direction, we derive from (25)
rVrBz = const. (56)
Equations (56) and (34) give
Bz = Bz0
Σ
Σ0
, (57)
where Bz0 and Σ0 are some typical values determined
by initial conditions. Let us assume that accretion disk
is formed in process of magnetostatic contraction of pro-
tostellar cloud. Then initial magnetic induction in the
accretion disk may be estimated using dependence (e.g.,
Dudorov 1991)
B = Bc
(
ρ
ρc
)1/2
, (58)
where Bc and ρc are initial magnetic induction and den-
sity of protostellar cloud. Typical values are Bc = 10
−5
Gs, nc = 10
5 cm−3 (Crutcher et al. (2004)), so estima-
tion of frozen-in magnetic field at the distance 1 AU is
(adopting ρ ≃ 10−13 g cm−3)
Bz0 = Bc (ρ(1AU)/ρc)
1/2
= 0.16Gs. (59)
Solution (57) is valid only in the regions of high
ionization fraction, where magnetic diffusion is ineffi-
cient. MAD is efficient if MAD time scale τad is of
the order of magnetic field generation time scale τz
(Nakano and Tademaru 1972). Vertical magnetic field
component is amplified due to accretion with the ve-
locity Vr. Magnetic ambipolar diffusion of the vertical
magnetic field component takes place in the r direction.
Thus, we define τz = r/Vr and τad = r/(Vad)r, so that
(τad)r ≃
4pixρ2ηinr
2
B2
. (60)
We get from equality between τz and τad (or, equiva-
lently, velocities Vr and (Vad)r)
Bz =
(
4piηinxρ
2r
)1/2
. (61)
We derive power-law dependence of Bz on density from
(61) using (38) and (46),
Bz = CBρ
1−q/2α1/2M1/4
(
H
r
)
r1/4, (62)
where
CB =
(
4piηinx0(n0mpµ)
q
√
G
)1/2
. (63)
For example, formula (62) gives in the case of recombi-
nations on dust grains at ξ = 10−17 s−1, αg = αg0
Bz = 0.013
(
ρ
10−13 g cm−3
)1/2 ( r
1AU
)1/4
×
( α
0.01
)1/2 ( M
M⊙
)1/4 (
H/r
0.05
)
Gs, (64)
8i.e. MAD leads to nearly order of magnitude reduction
ofBz at 1 AU comparing to the frozen-in magnetic field.
Ohmic dissipation also operates in the regions of low
ionization fraction. Time scale of OD in radial direction
τOD = r
2/νm is
τOD = 16
(
ξ
10−17 s−1
)( n
1013 cm−3
)−1
×
(
T
400K
)−1/2 ( r
1AU
)2
yr, (65)
in the case of recombinations on dust grains at ξ =
10−17 s−1, αg = αg0. According to this estimation, OD
can be efficient in accretion disks. We believe that effi-
cient OD of Bz field prevents amplification of magnetic
field in regions where τOD is lower than accretion disk
life time tdisk, so estimation (61) remains valid.
3 Analytical solution
Equations system (27, 29, 34-36, 37, 40, 41, 47, 53, 54,
57, 61) describes the dynamics of stationary accretion
disk with fossil large-scale magnetic field in the kine-
matic approximation. Parameters of the model are: α,
M˙ , physical characteristics of the star: mass M , radius
Rs, surface magnetic field Bs, luminosity L⋆, opacity
parameters: a, b and κ0, dust-to-gas mass ratio Yg,
dust size and ionization rates.
This system of model equations is closed and it has
analytical solution if we use power-law dependence of
ionization fraction on density (46) instead of solution
of equations (41, 47).
We use following parameters as fiducial: α = 0.01,
M = 1M⊙, M˙ = 10
−8M⊙/yr, ξ = 10
−17 s−1, αg = αg0
and Ls = 1L⊙. At the low temperatures (T < 1000 K)
opacity parameters are (see table 1): a = 0, b = 1, κ0 =
3×10−3 cm2/g. With the help of non-dimensional vari-
ables
α0.01 =
α
0.01
, m˙ =
M˙
10−8M⊙/yr
, m =
M
M⊙
rAU =
r
1AU
, h =
H
1AU
, ξ−17 =
ξ
10−17 s−1
(66)
we derive analytical solution describing accretion disk
radial structure for f = 1,
Teff = 150 m˙
1/4m1/4r
−3/4
AU K, (67)
Tc = 240α
−1/4
0.01 m˙
1/2m3/8r
−9/8
AU K, (68)
Σ = 230α
−3/4
0.01 m˙
1/2m1/8r
−3/8
AU g cm
−2, (69)
ρ = 2.5× 10−10 α−5/80.01 m˙1/4m7/16
×r−21/16AU g cm−3, (70)
h = 0.03α
−1/8
0.01 m˙
1/4m−5/16r
15/16
AU
AU, (71)
Vr = −30α3/40.01m˙1/2m−1/8r−5/8AU cm s−1, (72)
xg = 3.4× 10−15 ξ−17α5/80.01m˙−7/16m−1/4
×r21/16AU , (73)
xr = 2.0× 10−10 ξ1/2−17α1/40.01m−1/8r3/8AU, (74)
Bz = 0.29α
−3/4
0.01 m˙
1/2m1/8r
−3/8
AU Gs, (75)
Bmadz = 0.024 ξ
1/2
−17α
1/16
0.01 m˙
3/8m5/32r
−15/32
AU Gs, (76)
Bodr = 1.5× 10−7 ξ3/2−17α23/160.01 m˙5/8m−29/32
×r55/32AU Gs, (77)
Bodϕ = 2.2× 10−5 ξ3/2−17α7/160.01 m˙5/8m−29/32
×r55/32AU Gs, (78)
Bmadr = 7.4× 10−4 ξ1/2−17α−1/160.01 m˙5/8m−5/32
×r−17/32AU Gs, (79)
Bmadϕ = 0.11 ξ
1/2
−17α
−17/16
0.01 m˙
5/8m−5/32
×r−17/32
AU
Gs, (80)
Accretion disk density is determined as ρ = Σ/ (2H)
here. Ionization fraction profiles (73) and (74) cor-
respond to the case of recombinations on the dust
grains and radiative recombinations, respectively. De-
pendence (75) is obtained using equation (57) for the
frozen-in field. Radial profiles of the magnetic field
components (76-80) are obtained for the case of recom-
binations on the dust grains, x = xg. Dependence (76)
is derived according to equation (61). Profiles of the
radial and azimuthal magnetic field components (77-
80) are obtained from equations (53, 54, 61) using OD
coefficient (Bodr and B
od
ϕ ) and MAD coefficient (B
mad
r
and Bmadϕ ). Comparison of these dependences allows us
to find out the relative importance of certain magnetic
diffusion type.
We derive solution for irradiated disk from equations
(27, 29, 34, 35, 46, 53, 54, 57, 61) using temperature
profile (40) instead of solution of equation (36),
T = 280 l1/4s r
−1/2
AU K, (81)
Σ = 400α−10.01m˙m
1/2r−1AUl
−1/4
s g cm
−2 (82)
ρ = 1.96× 10−10 α−10.01m˙mr−9/4AU l
−3/4
s g cm
−3(83)
h = 0.03m−1/2r
5/4
AUl
1/8
s AU, (84)
Vr = −34α0.01m−1/2l1/4s cm s−1, (85)
xd = 4.4× 10−15 ξ−17α0.01m˙−1m−1l3/8s r9/4AU, (86)
xr = 1.5× 10−10 ξ1/2−17α1/20.01m˙−1/2m−1/2
×l1/4s rAU, (87)
Bz = 0.29α
−1
0.01m˙m
1/2r−1AUGs, (88)
9Bmadz = 0.023 ξ
1/2
−17m˙
1/2m1/4
×l1/16s r−5/8AU Gs, (89)
Bodr = 2.2× 10−7 ξ3/2−17α20.01m˙−1/2m−7/4
×l9/16s r25/8AU Gs, (90)
Bodϕ = 3.2× 10−5 ξ3/2−17α0.01m˙−1/2m−7/4
×l9/16s r25/8AU Gs, (91)
Bmadr = 0.006 ξ
1/2
−17m˙
1/2m−1/4
×l1/16s r−3/8AU Gs, (92)
Bmadϕ = 0.11 ξ
1/2
−17α
−1
0.01m˙
1/2m−1/4
×l1/16s r−3/8AU Gs, (93)
where ls = L⋆/L⊙.
Power-law solution (67-72) is analogous to those de-
rived by Shakura and Sunyaev (1973) for viscous accre-
tion disks around black holes. Accretion disks of young
stars are so cold that dust grains make main contribu-
tion to the opacity. Temperature in accretion disk of
young stars is larger than dust evaporation tempera-
ture ∼ 2× 103K only at r . 0.15AU according to (68)
for fiducial parameters. Opacities due to molecules dis-
sociation and atoms ionization dominate here (rows 7-9
in the table 1). Solution similar to (67-72) can be de-
rived for gas opacity dominated region, but we do not
present it here because the corresponding region is very
small.
Equations of the model are non-linear if we take into
account thermal ionization, and analytical solution for
the ionization fraction and magnetic field components
cannot be obtained. Ionization fraction is large near the
accretion disk inner boundary where thermal ionization
of metals operates: x > 10−5 at r < rxT according to
(49), where rxT ≡ r
(
103K
) ≃ 0.3AU as it follows from
(68). Magnetic field diffusion is inefficient in this region.
Accretion disks are cold (T < 2× 103K) at the dis-
tances r > 0.15AU, so radiation transfer is determined
by dust opacities (rows 1-6 in the table 1). Comparison
of (68) and (81) shows that irradiation temperature of
the accretion disk is higher than temperature due to
viscous heating at the distances further than
rv = 0.8α
−2/5
0.01 m˙
4/5m3/5l−2/5s AU. (94)
Viscous heating dominates at r < rv. Solution (67-
80) describes this region. Region where stellar radiation
is the dominant heating mechanism, r > rv, is charac-
terized by solution (81-93).
Slope of the surface density radial profile at r < rv
is quiet flat, Σ ∝ r−3/8, in comparison with very steep
profile in MMSN, Σ ∝ r−3/2. Surface density in our
solution, Σ(1AU) = 230 g cm−2, is less than standard
value 1700 g cm−2 in MMSN. Surface density slope is
more steep, Σ ∝ r−1, at r > rv. Scale height radial
profiles (71) and (84) show that H/r ≈ 0.03 ≈ const.
This result confirms our assumption that the accretion
disk is geometrically thin, H/r≪ 1.
We determine accretion disk outer boundary rout as
the contact boundary. Density in molecular cloud cores
n ≈ 109 cm−3 and temperatures T ≃ 20K (Andre et al.
1993). It follows from (81) and (83) that rout ∼ 140AU
for the accretion disk of solar mass star.
Equation (69) shows that surface density is more
than attenuation length of the cosmic rays ∼ 100 g/cm2
at distances less than several AU. Therefore, ioniza-
tion fraction is very small xg(1AU) ≃ 10−14 according
to (73). Density decreases with distance (70, 83) that
leads to increase of the ionization fraction. Ionization
fraction profile slope is more steep in the case of re-
combinations on the dust grains (73, 86) than in the
radiative recombinations case (74, 87). Equations (73)
and (74) show that ionization fraction at r = 1AU is
5 orders of magnitude smaller in the case of recombi-
nations on the dust grains than in the pure radiative
recombinations case. Ionization fraction reaches 10−10
near the outer boundary in the case of recombinations
on the dust grains (86), while x(rout) ≃ 2× 10−8 in the
case of radiative recombinations (87).
Frozen-in vertical component of the magnetic field
depends on r as Bz = 0.29 r
−3/8
AU Gs (75) at r < rv. Ion-
ization fraction is very low , x < 10−14, at rxT < r < rv
according to (73). Effective MAD leads to reduction of
Bz by order of magnitude comparing to frozen-in field
at r = 1AU, so that Bz = 0.024 r
−15/32
AU Gs (76). Com-
parison of dependences (77), (78) and (79), (80) show
that OD is the main magnetic diffusion mechanism at
rxT < r < rv. Ohmic diffusion is more efficient than
MAD at r < rOD ≃ 14AU according to dependences
(91) and (93). Magnetic field is quasi-poloidal in this
region, Bz ≫ Bϕ ≫ Br at rxT < r < rOD.
Magnetic ambipolar diffusion is the main magnetic
diffusion mechanism at distances r > rOD, Br and
Bϕ decrease with distance here: Br = 0.011 r
−3/8
AU Gs,
Bϕ = 0.2 r
−3/8
AU Gs. Comparison of the profiles (88) and
(89) shows that MAD becomes inefficient near rout
where x & 10−10 and Br(rout) ≃ 1mGs, Bϕ(rout) ≃
17mGs and Bz(rout) ≃ 2mGs. Hence, magnetic field
has quasi-azimuthal geometry (Bϕ > Bz > Br) in the
outer region of the accretion disk.
4 Numerical solution
System of equations (27, 29, 33-34, 41, 47, 53, 54, 57,
61) is essentially non-linear when OD and MAD, shock
10
and thermal ionization are taken into account simulta-
neously. We solve these equations numerically in the
distance range between rin and rout on the log-scaled
space grid. Accretion disk inner boundary rin is deter-
mined by the radius of the magnetosphere that is cal-
culated from the balance between viscous and Maxwell
stresses ρVrVϕ = BzBϕ/(4pi),
rin
2R⊙
= 2.9
(
Bs
2 kGs
)4/7 (
Rs
2R⊙
)12/7
×
(
M˙
10−7M⊙/yr
)−2/7 (
M
M⊙
)−1/7
, (95)
where it is adopted that H/r = 0.1 and Bs ∼ Bϕ ∼ Bz
at rin.
At first step of calculation, we determine tempera-
ture T , surface density Σ, scale height H and radial
velocity Vr by solving equations (27, 29, 34-36) with
opacity parameters from the Table 1. We use a simple
approach in order to take into account stellar irradia-
tion. If midplane temperature calculated from (36) is
lower than the irradiation temperature (81) then T is
replaced by Tirr. At the next step, we substitute tem-
perature and density into the ionization subsystem (41,
47), that is solved using the iterative Newton method.
After calculation of ionization fraction x and con-
ductivity σ, we determine the vertical magnetic field
component from the equations (57, 61). Finally, ra-
dial and azimuthal magnetic field components are cal-
culated from (53, 54). We use coefficient of MAD in
the form ηad = B
2
z/(4pixρ
2ηin), so equations (53, 54)
are linear. As it was found in the previous section, OD
and MAD are inefficient in the innermost thermally ion-
ized region of the accretion disk (r . 0.3 AU). Differen-
tial rotation leads to generation of the strong azimuthal
magnetic field component in this region. We propose
that buoyancy limits Bϕ. According to Parker (1979),
strength of the azimuthal component of the magnetic
field is determined from equality of rise time of az-
imuthal magnetic flux tubes and time of magnetic field
generation. We assume that terminal velocity of rise is
equal to the Alfven velocity Vaϕ = Bϕ/
√
4piρ and cor-
responding time is tb = H/Vaϕ. Time of Bϕ generation
up to value of Bz follows from (24)
tϕ =
2
3
Ω−1
k
(
H
r
)−1
, (96)
i.e. it is several times larger than rotation period
2pi/Ωk. Equality of tb and tϕ gives
Bϕ = 1.5(H/r)Vs
√
4piρ. (97)
We assume that azimuthal component of the magnetic
field is determined from (97) in the regions where OD
and MAD are ineffective.
Following parameters are used in our calculations:
α = 0.01, Bs = 2 kGs, Rs = 2R⊙ (Yang and Johns-Krull
2011). We carry out calculations for stellar masses
M = 0.5 − 2M⊙ and use observational correlations of
stellar luminosity and accretion rate with stellar mass.
Dimensionless accretion rate, m˙ = m2 (Fang et al.
2009). Accretion disk mass is calculated as
Mdisk = 2pi
rout∫
rin
rΣtotdr, (98)
where Σtot =
∞∫
−∞
ρdz = Σ/erf(1/
√
2) – total surface
density. Definitions of accretion disk mass (98), in-
ner boundary (95) and outer boundary (contact bound-
ary) together with equations (81-83) yield thatMdisk =
0.027M⊙, rin = 0.052 AU and rout = 140 AU at the
fiducial parameters.
4.1 Accretion disk structure
In figure 1, we plot accretion disk temperature (panel a)
and surface density (panel b) calculated for the fiducial
parameters. Figure 1(a) shows that accretion disk tem-
perature is determined by viscous heating at distances
less than rv ∼ 2 AU, and by stellar irradiation at larger
distances. Variation of slope of temperature radial pro-
file at r < rv is due to dust evaporation and corre-
sponding variation of opacity. Midplane temperature T
is larger than the effective temperature Teff at distances
less than ∼ 20 AU, because accretion disk is optically
thick to its own radiation in this region. Typical slope
of Σ(r) is −3/8 at r < rv according to analytical solu-
tion (69). Surface density decreases with distance more
rapidly, Σ ∝ r−1 in region of dominant heating by stel-
lar radiation, r > rv, in accordance with the analytical
solution (82). Typical surface density slopes agree with
observational ones (Williams and Cieza 2011). We note
that the surface density profile introduced in MMSN
model is much steeper, Σ ∝ r−3/2.
4.2 Ionization fraction
We consider shock ionization by cosmic rays, X-
Rays and radionuclides. Cosmic rays ionization rate
(Spitzer and Tomasko 1968)
ξCR(r, z) = ξ0 exp
(
−Σ(r, z)
RCR
)
, (99)
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Fig. 1 Panel a: Radial profile of the temperature in the accretion disk of solar mass star. Solid black line: numerical
solution, dashed line: effective temperature, gray solid line: analytical solution (68) describing the region of the dominant
viscous heating, dots: analytical solution (81) describing the region where stellar irradiation is the main heating source.
Panel b: Radial profile of surface density. Solid black line: numerical solution, dots: the profile of the MMSN model, gray
solid line: analytical solution (69) for dominant viscous heating. Numbers near the curves denote slopes. Vertical dashed
gray line rv separates region of dominant viscous and irradiation heating.
where
Σ(r, z) =
∞∫
z
ρdz (100)
– surface density for given latitude z, RCR = 100 g cm
−2
– cosmic rays attenuation length. We use two values of
cosmic rays ionization rate coefficient, ξ0 = 10
−17 s−1
(Spitzer and Tomasko 1968) and ξ0 = 10
−16 s−1 (e.g.,
Sorochenko and Smirnov 2010). Ionization rate by
stellar X-rays is calculated using approximation from
Bai and Goodman (2009),
ξXR =
LXR
1029ergs−1
r−2.2AU
[
ξ1 exp
(
−
(
N
N1
)a1)
+ ξ2 exp
(
−
(
N
N2
)b1)]
. (101)
where LXR is the X-ray luminosity of the star, column
density N(r, z) = Σ(r, z)/mn. Adopted approxima-
tion corresponds to photons energy kTXR = 3 keV and
height of the X-ray source above the midplane RXR =
10R⊙, so that ξ1 = 6 × 10−12 s−1, ξ2 = 10−15 s−1,
N1 = 1.5 × 1021 cm−2, N2 = 7 × 1023 cm−2, a1 = 0.4,
b1 = 0.65. Surface density Σ(r, z) is determined by
integration of hydrostatic density profile (28) from z
to z0 ≫ z. We vary X-rays luminosities in the range
LXR =
(
1029 − 1032) erg s−1 according to observations
(Casanova et al. 1995). We use following ionization pa-
rameters as a fiducial: ad = 0.1µm, ξ0 = 10
−17 s−1,
LXR = 10
30 erg s−1. Ionization by 40K with the rate
ξRE = 6.9 × 10−23 s−1 (Sano et al. 2000) is also taken
into account.
Radial profiles of the ionization fraction in the mid-
plane of the accretion disk of solar mass star are plotted
in the panel (a) of the figure 2. Figure 2(a) shows that
the ionization fraction radial profile is non-monotonous.
Ionization fraction is minimal, xmin ≈ 10−15 at r ∼
0.3 − 0.4 AU, in the case of recombinations on dust
grains with ad = 0.1µm. Ionization fraction increases
at larger distances, where ionization by cosmic rays and
X-rays is more effective. Thermal ionization takes place
at smaller distances, r < 0.3 AU, and it leads to fast
increase of x approaching to the star.
Growth of dust grain size in 10 times leads to order
of magnitude growth of the ionization fraction. This
is because dust grains cross-section is proportional to
a2d and dust-to-gas density ratio Xd is proportional to
a−3d so that αg ∝ a−1d and xd ∝ ad according to (43,
45). Ionization fraction is larger by several orders of
magnitude in the case of radiative recombinations, so
that xmin ≈ 10−11. Small peaks on the x(r) dependence
at r ≃ 1 AU are related to evaporation of the ice dust
grains.
Midplane ionization fraction radial profiles for dif-
ferent ionization rates are plotted in the panel (b) of
the figure 2. Comparison of x(r) dependences between
each other shows that growth of cosmic rays ionization
rate by order of magnitude leads to growth of midplane
ionization fraction by order of magnitude (see expres-
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Fig. 2 Radial profiles of the ionization fraction in the midplane of the accretion disk of solar mass star. Left: dashed black
line depicts ionization fraction in the case of radiative recombinations (xr), solid lines – recombinations on the dust grains
(xd, green line: ad = 0.01µm, black line: ad = 0.1µm, blue line: ad = 1µm). Labelled gray lines depict typical slopes
of the analytical dependences (86) and (87). Right: Radial profiles of midplane ionization fraction for different ionization
rates.
sion (45)). Midplane ionization fraction is less sensitive
to X-ray luminosity. Growth of LXR in 100 times leads
to nearly order of magnitude increase of midplane ion-
ization fraction at the distances r > 1 AU.
4.3 Fossil magnetic field of accretion disk
In this section, we calculate radial profiles of the fossil
magnetic field components and analyse magnetic field
geometry. Absolute values of magnetic field compo-
nents are plotted in the figures.
4.3.1 Vertical magnetic field
Calculated radial profiles of vertical magnetic field com-
ponent in the accretion disk of solar mass star are plot-
ted in the panel (a) of figure 3. Panel (b) of the figure
3 shows corresponding plasma parameter profiles in the
midplane of the accretion disk,
βz =
8piρV 2s
B2z
. (102)
Figure 3(a) shows that MAD leads to reduction of
Bz by order of magnitude comparing to the frozen-in
field at r > 0.5 AU. Plasma parameter corresponding
to the frozen-in magnetic field depends on distance as
βz ∝ r−3/4 and it equals ∼ 103 at r = 3 AU (figure
3(b)). Dependence is more steep, βz ∝ r−3/2, and βz ∼
104 − 105 at r = 3 AU, in the case of efficient MAD.
Plasma parameter βz ≈ 10 − 102 in the outer regions
of the accretion disk.
Comparison of frozen-in and MAD-profiles of Bz al-
lows to conclude that region of effective MAD, act-
ing in r-direction, occupy significant part of the ac-
cretion disk from ionization minimum up to accre-
tion disk outer boundary in the case of recombinations
on dust grains. It should be noted that the profile
of frozen-in Bz is very similar to the magnetostatic
profile B ∝ ρ1/2 that we used in the previous work
(Dudorov and Khaibrakhmanov 2013a).
Table 2 shows stellar mass dependence ofBz strength
at three typical distances. Non-dimensional stellar
mass is shown in the first column. Stellar magnetic field
at the inner boundary of the accretion disk, Bs(rin), is
shown in the second column. Slash in the columns 3-
5 separates values of frozen-in Bz and that calculated
taking into account MAD, Bmadz . Strengths of Bz at
the inner boundary of accretion disk (column 3), at 3
AU (column 4) and at the outer boundary rout of the
accretion disk (column 5) are shown. Corresponding
values of rin and rout are presented in the brackets
in columns 2 and 5. Dash in the last row, column 3
means absence of solution. This can be explained in
the following way. Midplane temperature rises above
3000 K at the distances r < 0.1 AU for m ≥ 2 and
M˙ ≥ 4 × 10−8M⊙/yr. Non-monotonous behaviour of
opacity κ(T ) at temperatures T > 3000 K leads prob-
ably to thermal instability. Bell and Lin (1994) also
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Fig. 3 Radial profiles of the vertical magnetic field component (left) and corresponding radial profiles of midplane plasma
parameter (right) in the accretion disk of solar mass star. Blue dashed lines correspond to the frozen-in magnetic field,
blue solid lines depict dependences obtained taking into account MAD in the presence of dust, red lines are the analytical
solutions. Black dashed line on the left panel shows profile obtained using dependence B ∝ ρ1/2 describing magnetostatic
contraction. Labels denote analytical slopes.
Table 2 Stellar magnetic field and magnetic field of accretion disk of solar mass star at typical distances.
m Bs(rin), Gs Bz/B
mad
z (rin), Gs Bz/B
mad
z (3AU), Gs Bz/B
mad
z (rout), Gs
(1) (2) (3) (4) (5)
0.5 2.6 (0.085AU) 0.6/0.6 0.026/0.015 0.0012/0.0012 (70AU)
1 11.5 (0.052 AU) 2.4/2.4 0.064/0.011 0.0014/0.0011 (140AU)
1.5 27.5 (0.039 AU) 5.4/5.4 0.11/0.013 0.0015/0.0013 (210AU)
2 50.9 (0.032 AU) −/− 0.13/0.020 0.0013/0.0013 (270AU)
pointed out that inner regions of the accretion disk can-
not be correctly investigated in stationary approach.
Table 2 shows that strength of frozen-in vertical mag-
netic field increases with stellar mass. Accretion disks
of more massive stars are denser. Magnetic field in-
creases with density growth according to (57, 62) and
therefore amplification of the magnetic field is stronger
in accretion disks of massive stars comparing to low-
mass stars. Strength of Bz is (0.6− 5) Gs at the accre-
tion disk inner boundary which is several times lower
than corresponding strength of stellar magnetic field
Bs(rin) = (3− 30) Gs. MAD is inefficient in this region
according to figure 3. Strength of frozen-in Bz at the
distance r = 3 AU is (0.03 − 0.13) Gs depending on
stellar mass. Efficient MAD leads to nearly one order
of magnitude decrease of Bz, so that B
mad
z = (11− 20)
mGs at r = 3 AU depending on the stellar mass. MAD
is inefficient near the accretion disk outer boundary and
the Bz(rout) ∼ (1.1− 1.5)mGs.
4.3.2 Magnetic field geometry
We discuss geometry of the magnetic field calculated at
the fiducial accretion disk and ionization rate parame-
ters in this section. Effects of dust grain sizes, cosmic
rays ionization rate and X-Ray luminosity on the mag-
netic field strength and geometry are considered.
A. Dependence on dust parameters.
We plot magnetic field components versus the ra-
dial distance calculated at the different recombinations
mechanisms and dust grains size in the top panels (a
and b) of the figure 4. Radial profiles of the magnetic
field components are calculated at the height z = H .
In figures 4(c, d) we show dependences of typical
magnetic diffusion and dynamical times on r. All de-
pendences correspond to the height z = H . Accretion
disk lifetime is defined as tdisk = Mdisk/M˙ . Time for
OD tod = H/ηod and for MAD tmad = H/ηmad, since
magnetic diffusion acts in z direction in the considered
case. Azimuthal component of the magnetic field gen-
eration time tϕ is estimated according to (96), and time
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Fig. 4 Panel a: radial profiles of the magnetic field components in the accretion disk of solar mass star (dots: Br, dashes:
Bϕ, solid line: Bz) calculated at height z = H for recombinations on dust grains (black lines: ad = 0.1µm, blue lines:
ad = 1µm). Panel b: The same as panel a, but for radiation recombinations. Panel c: dependences of the typical time
scales on distance r (gray solid line: accretion disk life time tdisk, solid black line: OD time scale tod, dashed black line:
MAD time scale tmad, dotted gray line: time scale of Br generation tr, dot-dashed gray line: time scale of Bϕ generation tϕ)
calculated for recombinations on dust grains with ad = 0.1µm. Panel d: same as panel c, but for radiative recombinations.
of the Br generation is defined as tr = H/Vr. It fol-
lows from equations (55) that tr/tϕ ≃ 3/(2α) so tr is
approximately in α−1 times larger than tϕ. We assume
that magnetic diffusion is effective if diffusion time is
less than generation time and accretion disk lifetime.
Figure 4(c) depicts the profiles obtained for the case of
recombinations on dust grains with ad = 0.1µm, figure
4(d) – for the radiative recombinations case.
Figures 4(a, b) show that fossil magnetic field is am-
plified in 102−105 times during accretion disk formation
and evolution comparing to the magnetic field of pro-
tostellar clouds cores, B0 ≃ 10−5 Gs. Amplification is
stronger in the inner regions of the accretion disk where
accretion velocity and density are larger.
Figures 4(a, c) show that there are three regions in
accretion disk with various magnetic field geometry in
the case of recombinations on dust grains.
a) OD and MAD are inefficient in the inner ther-
mally ionized regions: tod, tmad > tr, tϕ at r < 0.5
AU. Evolution of the magnetic field probably is non-
stationary in this region. We assume that strength of
the azimuthal component of magnetic field Bϕ ≃ 10 Gs
is limited by buoyancy. Magnetic field has the quasi-
azimuthal geometry Bϕ > Bz , Br in this region.
b) Ohmic diffusion prevents Br and Bϕ generation
in the region of lowest ionization fraction (“dead” zone,
see next section): tod < tr, tϕ at r ∈ [0.5, 3] AU.
Magnetic field geometry is quasi-poloidal in this region,
Bz ≫ Bϕ ≫ Br.
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c) Magnetic ambipolar diffusion prevents the gener-
ation of Br in the outer regions of the accretion disk,
tmad < tr at r > 10 − 20 AU. Figure 4(c) shows that
tmad > tϕ in this region, i.e. Bϕ is efficiently gener-
ated, Bϕ ∼ Bz. Magnetic field is quasi-azimuthal in
this region, Bϕ ≃ Bz > Br.
Figure 4(a) shows that intensity of magnetic field at
r > 0.3 AU is nearly order of magnitude higher in the
case ad = 1µm comparing to the case ad = 0.1µm.
This is explained by the fact that ionization fraction
is higher in case ad = 1µm (see the figure 2(a)) and
magnetic diffusion is less efficient. Geometry of the
magnetic field is also quasi-poloidal at r ∈ [0.5, 1 − 2]
AU for ad = 1µm. Br is comparable with the strength
of Bz at larger distances for ad = 1µm, since the ion-
ization fraction is higher in this case comparing to the
case ad = 0.1µm, and hence MAD of Br is less effi-
cient. Magnetic field is quasi-radial near the accretion
disk outer boundary in the case of large dust grains,
ad ≥ 1µm.
In the pure radiative recombinations case, magnetic
field is coupled to the matter: figure 4(d) shows that
MAD is inefficient throughout the disk, tmad > tr, tϕ,
and OD prevents Br generation only in the narrow dis-
tance range: tod < tr at 0.1AU < r < 1 AU. Strength of
the azimuthal magnetic field component is limited by
buoyancy in this case, and Bϕ ≃ Bz . Magnetic field
is dynamically important under such circumstances.
OD and MAD of Br are inefficient at r > 1 AU. In
this case, quasi-radial geometry of the magnetic field
Br & Bz ≃ Bϕ may be responsible for generation of
magneto-centrifugal winds in accordance with the cri-
terion of Blandford and Payne (1982). We expect non-
stationary behaviour of the magnetic field in this case.
B. Dependence on ionization rates.
Figure 5 shows dependence of magnetic field on ion-
ization rates parameters, ξ0 and LXR. In the panel (a),
we plot radial profiles of magnetic field components for
fiducial ionization parameters. In figure 5(b) we vary
cosmic rays ionization rate and X-ray luminosity in or-
der to investigate their influence on the magnetic field
geometry.
Increase of cosmic rays ionization rate from 10−17 s−1
to 10−16 s−1 leads to increase of the ionization fraction
in ∼10 times (see figure 2). The MAD is less efficient
in the case 10−16 s−1 and magnetic field strength is
larger by order of magnitude comparing to the case
ξ0 = 10
−17 s−1, as figure 5(b) shows. Magnetic field
is quasi-radial near the accretion disk outer edge under
such circumstances, Br ≃ Bz ≃ Bϕ, apart from the case
ξ0 = 10
−17 s−1 when magnetic field is quasi-azimuthal
Br < Bz ≃ Bϕ (as in the figure 5(a)).
Figure 5(b) shows that growth of X-Rays luminosity
by factor 100 leads to increase of Br by a factor 5-10 at
distances 1− 100 AU. Vertical and azimuthal magnetic
field components are frozen-in at distances r > (3 −
4) AU. Therefore, magnetic field is quasi-radial, Br ≃
Bz ≃ Bϕ, in the outer regions of accretion disk in the
case of high X-rays luminosity, LXR > 10
30 erg s−1.
C. Dependence on accretion rate.
Figure 6 shows dependence of magnetic field compo-
nents on the accretion rate. We carry out calculations
for M˙ = 10−8M⊙/yr and M˙ = 10
−7M⊙/yr. Smaller
accretion rates correspond to more advanced stages of
accretion disk evolution. Figure 6 shows that the mag-
netic field generally decreases as the accretion rate de-
creases. Density and temperature are smaller and gen-
eration of magnetic field is less efficient in accretion
disks with smaller accretion rates. Mass accretion rate
variation influences the strength of the magnetic field,
while its geometry preserves, as figure 6 and analytical
solution (75-80, 88-93) show.
5 Dead zones
We treat “dead” zones as the regions of low ionization
fraction and/or efficient magnetic diffusion. Magnetic
diffusion suppresses MRI and hence MHD turbulence
generation. Several different criteria of MRI dumping
by magnetic diffusion were proposed: using MRI critical
wavelength, magnetic Reynolds number and Elsasser
number (see Mohanty et al. (2013)). Some uncertainty
exists in definition of the critical magnetic Reynolds
number. We adopt that MRI is suppressed if critical
wavelength λcr exceeds scale height at given point of the
disk. Critical wavelength in case of efficient magnetic
diffusion is (e.g. Kunz and Balbus 2004)
λcr =
2pi√
3
η
Vaz
, (103)
where Alfven velocity Vaz = Bz/
√
4piρ. We define OD-
“dead” zone as the region where OD suppresses MRI,
and MAD-“dead” zone as the region where MAD sup-
presses MRI, according to criterion λcr > H . “Dead”
zone boundary is determined as the locus λcr/H = 1.
Surface density of the active layer is calculated as
Σal =
∞∫
zdz
ρdz where zdz is the z-coordinate of the upper
boundary of the “dead” zone.
Figure 7 shows the structure of the “dead” zone in
the accretion disk of T Tauri star at the fiducial param-
eters. In figure 7(a), we plot ionization fraction distri-
bution in r−z plane and boundaries of the “dead” zone.
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Fig. 5 Radial profiles of the magnetic field components (dots: Br, dashes: Bϕ, solid line: Bz) in the accretion disk of
solar mass star at different ionization rates. Left: ξ0 = 10
−17 s−1 and LXR = 10
30 erg s−1. Right: ξ0 = 10
−16 s−1 and
LXR = 10
30 erg s−1 (black lines), ξ0 = 10
−16 s−1 and LXR = 10
32 erg s−1 (blue lines).
Surface density profiles of the active layers are shown
in the figure 7(b).
Ionization fraction is the main parameter determin-
ing efficiency of OD and MAD. Boundary of the “dead”
zone approximately coincides with the isosurface of crit-
ical ionization fraction (Gammie 1996). Since ioniza-
tion fraction has minimum at r ∼ 0.3 AU (see section
4.2), “dead” zone has inner and outer boundaries. We
denote coordinates of these boundaries as rdzin and r
dz
out,
respectively. Surface density of the active layer is equal
to the total accretion disk surface density at r < rdzin
and r > rdzout. Inner boundary of the “dead” zone is
situated near the accretion disk inner boundary and
it is not seen in the figure 7(a), where linear scale for
distance r is used. Figure 7(b) shows that OD-“dead”
zone is situated at distances from ∼ 0.2 AU to ∼ 10
AU. Ionization fraction x ∼ 10−12 at its boundary, as
figure 7(a) shows.
MAD-“dead” zone is located in the region from∼ 0.3
AU to ∼ 14 AU. Hence, “dead” zone outer boundary is
determined by MAD at the adopted parameters. Sur-
face density of the active layer is lower than cosmic rays
attenuation length. Although cosmic rays penetrate al-
most to the midplane, ionization fraction is small up to
height z ≃ H because of efficient recombinations on the
dust grains. Ionization fraction exceeds boundary value
10−13 − 10−12 at the high altitudes z ≃ H , according
to the figure 7(a).
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Fig. 6 Radial profiles of the magnetic field components
(dots: Br, dashes: Bϕ, solid line: Bz) in the accretion
disk of solar mass star calculated for different accretion
rates (black lines: M˙ = 10−8 M⊙/yr, blue lines: M˙ =
10−7 M⊙/yr).
5.1 Dependence on ionization rates
We calculate the surface density of active layer for dif-
ferent ionization rates and dust grain sizes. We vary
one parameter in each calculation while fiducial values
of the rest parameters are used.
As it was found in the section 4.2, growth of dust
grain size in 10 times leads to increase of the ionization
fraction in 10 times. Consequently, size of the region
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of the efficient magnetic diffusion decreases. We found
that the outer boundary of the “dead” zone is situated
closer to the star, rdzout ≃ 5 AU in the case ad = 1µm
comparing to the case ad = 0.1µm for which r
dz
out ≃ 14
AU. Surface density of the active layer is several times
larger in the disk with large dust grains (ad = 1µm)
in comparison to the disk with the small dust grains
(ad = 0.1µm).
Ionization fraction increases by several orders of
magnitude in the case of radiative recombinations. Our
calculations show that OD-“dead” zone is situated be-
tween rdzin ≃ 0.3 AU and rdzout ≃ 0.5 AU in this case.
Surface density of the active layer > 100 g cm−2 here.
MAD is inefficient in the case of radiative recombina-
tions (see section 4.3.2) and it does not lead to “dead”
zone formation.
Outer boundary of the “dead” zone is situated at
rdzout ≃ 4 − 6 AU in the case when ξ0 = 10−16 s−1 that
is in 10 times larger then the fiducial value. Surface
density of the active layers is almost the same as for
ξ0 = 10
−17 s−1. Increasing of the X-ray luminosity by
factor 100 also leads to reduction of the “dead” zone
sizes. Outer boundary of the “dead” zone is placed
at rdzout ≃ 7 AU in the case of high X-ray luminosity,
LXR = 10
32 erg s−1. Surface density of active layers
Σal & 30 g cm
−2 under such circumstances.
Our calculations show that varying ionization pa-
rameters affect only outer boundary of the “dead” zone
and surface density of the active layers. OD determines
the inner boundary of the “dead” zone. This boundary
is situated in the region of metals thermal ionization at
the distance r ∼ 0.2 AU for solar mass star. Assum-
ing that thermal ionization begins at T = 1000 K, we
derive following estimation for rdzin from the analytical
solution (68)
rdzin = 0.28α
−2/9
0.01 m˙
4/9m1/3AU, (104)
Estimation (104) agrees with the approximation of
Kretke et al. (2009).
5.2 Dependence on stellar masses
Table 3 shows the accretion disk and “dead” zone char-
acteristics calculated for different stellar masses in the
case of recombinations on the dust grains. Fiducial
ionization parameters are used. Non-dimensional stel-
lar mass and luminosity are shown in the columns 1
and 2, respectively. Positions of the accretion disk in-
ner and outer boundaries, masses of the accretion disks
are listed in columns 3-5. Positions of “snow” line (rsl,
distance where ice evaporation begins, at T = 150 K)
at the midplane of the accretion disk are shown in the
column 6. Positions of the “dead” zone inner rdzin and
outer boundaries rdzout, mass contained in the “dead”
zone Mdz (in Jupiter masses) are listed in the columns
7-12. Critical ionization fraction at the “dead” zone
boundaries xcr is shown in the columns 13 and 14.
Columns 7, 9, 11 and 13 show characteristics of the
OD-“dead” zone, columns 8, 10, 12, 14 – of the MAD-
“dead” zone.
Table 3 shows that the inner boundary of the “dead”
zone is situated at r = 0.1− 0.6 AU depending on stel-
lar mass which agrees with analytical estimation (104).
Comparison of the columns 9 and 10 shows that MAD-
“dead” zone extent is by 3-4 AU larger than OD-“dead”
zone extent form > 0.5, rdzout = 3−21 AU depending on
stellar mass. This result agrees with results of section
4.3.2 indicating that MAD is the main magnetic diffu-
sion mechanism in the outer accretion disk regions.
Ionization fraction is lower and magnetic diffusion is
more efficient in the accretion disks of massive stars,
since these disks are denser. Consequently, size and
mass of the “dead” zone increase with stellar mass. In
the accretion disk of solar mass star rdzout ∼ 14 AU and
Mdz = 1.0MJ. These values are comparable with corre-
sponding protosolar nebula parameters (Weidenschiling
1977). “Snow” line lies inside “dead” zone for all stellar
masses.
We adopted standard dust-to-gas mass fraction Yg =
0.01 in the calculations. Hence, total mass of solid par-
ticles inside “dead” zone is 0.13, 3.2, 13.0 and 19.0 M⊕
for stars with masses 0.5, 1, 1.5 and 2 M⊙, respec-
tively. Mass of solid material contained in the “dead”
zones is more than 3M⊕ in accretion disks of stars with
M ≥ 1M⊙. This mass of dusty material is sufficient
for formation of several embryos of the Earth type plan-
ets in this region. Formation of solid cores with mass
Mc > 10M⊕ can trigger gas giant planet formation by
core accretion (Armitage 2010).
Ionization fraction xcr ∼ 10−13−10−12 at the bound-
ary of the “dead” zone. Boundary ionization fraction
xcr is several times larger for MAD-“dead” zone than
for OD-“dead” zone.
6 Discussion and conclusions
We elaborate kinematic MHD model of accretion disks
of young stars. The model is based on Shakura and
Sunyaev approximations. Magnetic field is calculated
from stationary induction equation taking into account
the ohmic diffusion (OD), magnetic ambipolar diffu-
sion (MAD) and buoyancy. Ionization fraction is deter-
mined taking into consideration thermal ionization of
metals and shock ionization by cosmic rays, X-rays and
radioactive elements. Recombinations on dust grains,
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Table 3 Accretion disk and “dead” zone parameters
m L⋆ rin rout Mdisk rsl r
dz
in /AU r
dz
out/AU Mdz/MJ xcr
(L⊙) (AU) (AU) (M⊙) (AU) OD MAD OD MAD OD MAD OD MAD
(1) (2) (3) (4) (5) (6) (7) (8) (9) (10) (11) (12) (13) (14)
0.5 0.5 0.085 70 0.003 2.5 0.11 0.14 3.1 2.8 0.04 0.02 2.7× 10−12 2.2× 10−12
1 1 0.052 140 0.027 3.6 0.26 0.32 10.7 13.7 0.8 1.0 9.2× 10−13 4.6× 10−12
1.5 1.5 0.039 210 0.1 4.3 0.43 0.55 16.3 19.0 3.6 4.1 5.8× 10−13 8.4× 10−13
2 10 0.032 270 0.17 11.0 0.60 0.75 17.2 21.4 5.0 5.9 5.3× 10−13 9.1× 10−13
radiative recombinations and dust evaporation are in-
cluded in the ionization model.
Accretion disk sizes and masses calculated in the
frame of our model agree with observations. Inner
boundary of the accretion disk is placed at the distances
r = 0.03− 0.09 AU (several stellar radii), outer bound-
ary is placed at r = 70 − 270 AU depending on stellar
mass in the interval 0.5-2 M⊙. Corresponding masses
of accretion disks equal 0.003-0.17 of solar mass. We
derive an analytical solution of the model equations in
the case when dependence of ionization fraction on gas
density is the power-law function.
Attenuation of cosmic rays and X-rays leads to de-
crease of ionization fraction to extremely low values
∼ 10−16 − 10−14 in the inner dense cold regions of ac-
cretion disk in the case of recombinations on the dust
grains. Magnetic diffusion is efficient in this region of
lowest ionization fraction (“dead” zone). OD develops
in the “dead” zone mainly where ionization fraction is
minimal. MAD operates in the outer regions of the ac-
cretion disk. Magnetic field is frozen-in near the inner
boundary of the accretion disk, where thermal ioniza-
tion of metals with low ionization potential takes place.
The fossil magnetic field of accretion disks of young
stars has complex geometry. Initially uniform mag-
netic field of parent protostellar clouds transforms in
accretion disk. All three components of the magnetic
field are not zero. Differential rotation generates az-
imuthal component of the magnetic field. Accretion
generates radial component of the magnetic field. We
derive the following estimation for geometrically thin
disk: Br ≃ 2/3αBϕ, were α is Shakura and Sunyaev
parameter. Hence, radial component Br typically is
much smaller than the azimuthal component Bϕ while
their dependence on radial distance is the same.
The magnetic field is qiasi-poloidal in the dusty
“dead” zones. Estimations of the characteristic times
of magnetic diffusion show that times of OD and
MAD are less than lifetime of accretion disk in “dead”
zones. Therefore, magnetic field geometry remains
purely poloidal in this region. Strength of the verti-
cal magnetic field is Bz ≃ (10 − 20) mGs at r = 3 AU
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depending on stellar mass, M = 0.5− 2M⊙. Sedimen-
tation of charged dust grains is possible in the “dead”
zones along magnetic field lines.
Magnetic field is coupled to the matter in the inner
regions, r . 0.3 AU. Magnetic field is quazi-azimuthal
in this region. Strength of magnetic field is compara-
ble with stellar magnetic field strength at the accretion
disk inner boundary, which equals 5-30 Gs depending
on stellar mass. This means, that accretion disk inner
boundary must be determined taking into account pres-
sure of the accretion disk magnetic field. Interaction of
the stellar magnetic field and accretion disk magnetic
field near the accretion disk inner boundary may lead to
current sheet formation that can become an additional
source of X-ray activity of stellar magnetospheres.
Magnetic field is quazi-azimuthal or quasi-radial in
the outer regions of the accretion disk depending on
intensity of ionization mechanisms. Growth of dust
grains to ad ≥ 1µm, or increase of cosmic rays ioniza-
tion rate to 10−16 s−1, or increase of X-rays luminosity
to 1032 erg s−1 are necessary to form quasi-radial mag-
netic field. The quasi-radial geometry of the magnetic
field may be responsible for generation of magneto-
centrifugal winds in the outer regions of the accretion
disks owing to the criterion of Blandford and Payne
(1982).
Midplane ionization fraction does not fall below
10−11 in the case of radiative recombinations. Mag-
netic diffusion is inefficient and magnetic field is cou-
pled to gas throughout the accretion disk. Vertical
magnetic field is proportional to the surface density
in this case. Our calculations show that Bz(3AU) =
(0.03 − 0.13) Gs depending on stellar mass. Magnetic
field is quasi-azimuthal, and Bϕ ≃ Bz at the distances
less than several AU. Magnetic field is quasi-radial and
magnetically-driven outflows are possible in the outer
regions of accretion disks.
Complexity of the fossil magnetic field geometry in
accretion disks of young stars makes its investigation
with Zeeman experiments and polarization measure-
ments difficult. It requires resolution 0.1 AU at minimal
distance 1 pc that corresponds to angular resolution
10−6 angular seconds. However, it is doubtful that, at
present time, separation of Zeeman lines splitting from
turbulent broadening of the lines in the accretion disk
is possible. This is feasible for the “dead” zones only.
“Dead” zones are very attractive for observations,
both in terms of measurements of magnetic field
strength, considering it is poloidal, and in terms of
Earth type planet formation. Turbulence is weak and
dust sedimentation is efficient here. Our calculations
show that MAD determines the outer boundary of the
“dead” zone for stars with M > 0.5M⊙. Outer bound-
ary of the “dead” zone is placed at the distances 3-21
AU depending on the stellar mass in the case of recom-
binations on dust grains.
In the case when dust is present in the disk, surface
density of active layers is ∼ 10 g cm−2 at r ∼ 1 AU
for typical parameters, i.e. “dead” zone occupies sig-
nificant part of accretion disk thickness. Angular mo-
mentum transport by MRI-induced turbulence is ineffi-
cient under such circumstances. Tension of large-scale
magnetic field lines may be responsible for the angular
momentum transport in this region.
Mass of solid material inside “dead” zones in accre-
tion disks of stars with M ≥ 1M⊙ is more than 3 M⊕.
This mass is sufficient for formation of several embryos
of the Earth type planets in this region. Collisional
formation and growth of planetesemals are the possible
mechanisms of embryos formation (Safronov 1972).
Our work is the step forward in the investigations
of magnetized accretion disks of young stars compar-
ing to existed semi-analytical investigations. In or-
der to calculate magnetic field strength and geometry,
we incorporate induction equations into the accretion
disk model. Adopted kinematic approximation allows
us investigate magnetic field structure with the help
of quite simple semi-analytical equations of the model.
We investigate ohmic diffusion and magnetic ambipo-
lar diffusion in detail without paying attention to the
Hall effect that is believed to influence the evolution of
MHD turbulence in accretion disks of young stars (e.g.,
Wardle and Salmeron 2012). Turbulence in the accre-
tion disks also must influence magnetic field dissipation
and generation. We intend to investigate the Hall effect
and turbulent diffusion influence on the fossil magnetic
field strength and geometry in accretion disks in our
next paper. In order to improve elaborated model, we
need to take into account dynamical influence of mag-
netic field on the accretion disk structure.
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